In this work we analyze the electronic structure at the junction between a SrTiO 3 (001) single crystal and a thin tetragonal CuO layer, grown by off-axis RF-sputtering. A detailed characterization of the film growth, based on atomic force microscopy and X-ray photoelectron diffraction measurements, demonstrates the epitaxial growth. We report several markers of a thickness-dependent modification of the film gap, found on both Cu 2p and valence band spectra; through spectroscopic ellipsometry analysis, we provide a direct proof of a band gap increase of the tetragonal CuO layer (1.57 eV) with respect to the thicker monoclinic CuO layer (1.35 eV). This phenomenon is further discussed in the light of cluster calculations and DFT+U simulations. Finally, we report the full experimental band junction diagram, showing a staggered configuration suitable to charge-separation applications, such as photovoltaics and photocatalisys; this configuration is observed up to very low (<3 nm) film thickness due to the gap broadening effect.
I. INTRODUCTION
The study of the peculiar properties of oxide heterostructures is a very active research topic in modern experimental physics. This renewed interest is influenced by the recent improvements in epitaxial thin film deposition techniques, which now produce samples with unprecedented quality 1,2 . For this reason, all-oxide epitaxial heterojunctions are providing an extremely rich playground for the development of devices in the field of spintronics, photovoltaics and photocatalysis.
In this context, the cupric oxide (CuO) shows peculiar properties both as a stand alone material and when used in heterojunctions. In fact, CuO is the only late transition metal (TM) monoxide to display a monoclinic unit cell in the bulk phase (hereafter denoted as m-CuO), instead of the usual cubic (rocksalt) structure. While m-CuO shows antiferromagnetism (AF), its Néel temperature (T N ) is considerably lower than expected (≈ 230 K) with respect to other TM oxides. However, a tetragonal CuO phase (t-CuO) has been stabilized in ultrathin epitaxial film grown on SrTiO 3 (001) 3,4 (STO). In this phase, the CuO is arranged in a planar structure, with edge-sharing CuO 4 square plaquettes (shown in Fig. 1 -b,c), instead of the stripe alignment of m-CuO ( Fig. 1-a) . Calculations 5 predict t-CuO to display AF with T N up to 900 K; moreover, a Zhang-Rice singlet dispersion similar to high-T C cuprates has been measured 6 by angle-resolved photoelectron spectroscopies, as well as a similar magnon dispersion detected by resonant inelastic x-ray scattering 7 . A suitable doping mechanism is still required to exploit a possible superconductivity, which could not be achieved by chemical ways 6 .
The CuO/SrTiO 3 electronic structure at the interface is also interesting; in fact, such junction belongs to the family of all-oxides STO heterostructures, which are now actively explored since the discovery of the two dimensional electron gas (2DEG) at LaAlO 3 /SrTiO 3 (LAO-STO) interface 8 . This research field has now been expanded to several perovskite and non-perovskite oxide heterojunction 9 , such as the γ-Al 2 O 3 /STO 10 where a 2DEG has been found. In the CuO/STO system, such effect has not yet been investigated. The
CuO/STO found also important applications in photoelectrochemical water splitting; in a recent work 11 , Choudhary et al. demonstrate that the photocatalysis performance of and photoconversion efficiency with respect to pristine materials. In order to explain the CuO/STO photocatalysis process, a staggered band junction model has been proposed, in spite of the large difference between the CuO (1.35 eV) and STO gap (3.15 eV).
In this work, CuO thin films are grown on STO by off-axis RF sputtering, with the aim to probe the electronic properties of the junction for different thicknesses (2.7 to 42 nm range) of the CuO overlayer. This allowed us to track the transition from the m-CuO/STO to the tCuO/STO, which we observed for a thickness below few nm. In particular, the valence band alignment at the junction and the band-gap broadening in t-CuO are investigated, combining indirect (X-ray photoelectron spectroscopy, XPS) and direct (spectroscopic ellipsometry, SE) experimental probes. The results are compared with bulk DFT+U and cluster model calculations, aimed to evaluate the electronic band modification from the monoclinic to the tetragonal phase.
II. EXPERIMENTAL DETAILS
The CuO thin films have been grown by RF magnetron sputtering on TiO 2 -terminated STO (001) substrates, from 2" polycristalline sputtering targets. In order to properly track the band shift at the interface between two insulators, we avoided the use of Nb-doped STO substrates. The sputtering power was 80 W, with an Ar flux in the 1.9 -2.3 sccm range and a 8.5 × 10 −3 mbar pressure. Film crystallization has been achieved with in-growth direct heating at 500
• C. The STO TiO 2 termination has been achieved through HF buffered solution treatment, following the method described by Koster et al. 12 . In order to trigger the epitaxial growth, an off-axis deposition geometry has been selected, which reduces the re-sputtering mechanism and allows for a more homogeneous energy distribution of the deposited material 13, 14 . The growth rate was approximately 0.2Å/s. Growth morphology analysis has been carried out by atomic force microscopy (AFM), in order to check the STO termination and the CuO film morphology.
The XPS analysis has been performed with the Al K α line (hν=1486.6 eV) of a nonmonochromatized dual-anode PsP X-ray source and a VG Scienta R3000 electron analyzer operating in transmission mode. This X-ray source has been adopted instead of a monochromatic one in order to mitigate the charging effects due to the insulating STO substrate; in fact, strongly focused X-ray spots, such as the one of monochromatic anode sources or synchrotron radiation, lead to a strong spatial inhomogeneity of the surface charge due to the larger photon flux. Fast repeated acquisitions have been performed for each spectra in order to continuously monitor the relative peak positions, intercalated by several additional spectra on reference C 1s peak; this methodology has been checked by the use of a flood-gun and on a test growth on Nb-doped STO. Adventitious C 1s core level (BE = 284.8 eV) has been used as the energy reference, leading to an overall ± 0.1 eV absolute error on the binding energy scale.
In X-ray photoelectron diffraction (XPD) measurements the angle between X-ray direction and analyzer axis is fixed at 55. The electronic structure of CuO is notoriously difficult to calculate theoretically with simple ab-initio methods, due to the strong electronic correlation effects. As shown in the next Section, the photoelectron spectroscopy results can be fairly predicted through a cluster model, which takes into account charge-transfer effects and core-hole interaction; however, such approach, as in the case of model Hamiltonians (t-J or Hubbard models) requires the introduction of several free parameters which must be tuned to fit the experimental data.
Conversely, a DFT, ab-initio approach allows for the evaluation of a realistic ground-state electronic density, resulting in crystal structures which are often in good agreement with experimental results, and thus to evaluate the effect of actual Cu and O orbital geometry on the band structure.
In spite of the large number of theoretical calculations on CuO, there is still a partial disagreement about the band gap size and type (see, for instance, the review of Meyer et al. 16 ). These discrepancies can be attributed to several reasons: the adoption of a non- Table I . Orbital occupancy for spin-up and spin-down 3d orbitals of Cu atoms, as calculated by LSDA+U with U = 7.15 eV. The total difference corresponds to the magnetic moment in Bohr magneton units.
Indirect and direct gaps increase with the c/a ratio ( Fig. 2-b 24 . However, in order to make these computations feasible, a ferromagnetic ordering was assumed, due to the high computational effort required to carry out calculations with AFM ordering.
The detailed band structures are shown in Fig.3 ; for the t-CuO case (Fig.3-b) , the band structures have been calculated with the relaxed c/a ratios, which are slightly different for each considered U. The Brillouin zone and the interpolation path for band dispersion calculation are shown in Fig.1-d ; we choose this specific path, which cover all faces middle-points, because it intersects the conduction band minimum (CBM) on the Z point centered face. 
IV. EXPERIMENTS AND DISCUSSION

A. Growth characterization
In order to obtain high-quality CuO/SrTiO 3 heterostructure we initially calibrated the deposition temperature through the growth of CuO films on silicon substrates, and then we Fig.4-d) . Indeed, due to the strong differences with respect to bulk phase, a stable t-CuO is expected only for a relatively low film thickness.
A summary of the film parameters is reported in Tab The XPS analysis confirms the stoichiometry of the grown films, and the study of the Ti 2p peaks (not shown here) suggests a completely oxidized Ti 4+ interface, with no residual Ti 3+ state. The XPS data have also been used to calculate the thickness (and thus the effective deposition rate) through the evaluation of Cu 3p and Sr 3d core level areas.
The epitaxial order of CuO films is probed by X-ray photoelectron diffraction (XPD) measurements ( Figure 5-(a) ). The XPD spectrum of a thick film grown on Si at 600 • C shows a featureless background, produced by the intensity attenuation of XPS peaks area on varying the tilt angle. The growth on a SrTiO 3 substrate triggers the appearance of XPD peaks, even for the Thick sample, which are less intense due to the higher roughness (see Table III ). This result, combined with the AFM images, demonstrates the deposition of high-quality and epitaxial CuO films by RF sputtering.
Full stereographic images have been acquired both for Cu 2p and Sr 3d XPS peaks on
Ultrathin film, to gain information on the film and the substrate, respectively. In order to prove the crystal order, we also performed multiple scattering simulations through EDAC code 29 on a nearly 700 atom cluster, in order to evaluate the amount of tetragonal distortion from the Cu 2p image (data and simulations are shown in Fig. 5 b-c, respectively) . The calculation shows a nice agreement with the data; in particular, the dark Kikuchi lines (highlighted in yellow in Fig.5-c) , which crosses at the position of forward scattering peak in the tetragonal (1,1,1) direction, are also reproduced by calculation and can be used to directly estimate a c/a = 1.32 ratio, in agreement with the previously reported results and with our calculations.
B. Electronic structure
The deposition of CuO on STO at 500
• C results in a Cu 2p XPS spectrum shape and peak intensity similar to the one observed for a film grown on Si ( Fig. 6-a (Table III) Unlike the case of Cu halides our Q pd curves are rather flat but, following the procedure of J. Ghijsen et al. 31 , we set a common value for T pd at 2.25 eV, rather similar to the T pd value for bulk CuO at 2.5 eV suggested by Ghijsen et al. . According to the Q pd value we assumed, the resulting ∆ CT displays an overall increase of 0.2 eV (i.e. from 1.28 to 1.47 eV)
as the film thickness decreases. This ordering does not change in a relatively wide range of T pd energies compatible with the case of cuprates (e.g. in the 2.0-3.0 eV energy range).
Consistently, the sequence of ∆ CT values we report in Table III is assumed to be an indication of the overall trend of ∆ CT changes with thickness. As these cuprates are classified as CT insulators 32, 33 , the increase of charge transfer ∆ CT is expected to ultimately determine an increase of the energy gap, as is consistently found in the energy gap trend measured by SE (Section IV-C) and retrieved from ab-initio band structure calculations (Section III).
Further details about the m-CuO and t-CuO electronic structure can be found in the valence band (VB) photoemission spectra, shown in Fig. 7 The polycristalline m-CuO spectra are consistent with the literature, while a noticeable increase of C and B features (Fig. 7) can be detected in the heterostructures, alongside with a small relative shift of the uppermost energy level (A'). It should be noted that a small change of spectral weight of C and B components is also observed on Thick CuO/STO sample; the overall VB spectra increase in thinner films can not be completely justified by the presence of STO VB contribution alone, which in any case would raise the photoelectron intensity only at the B position (see also Fig. 9-a) .
As for the case of the 2p levels, the CuO valence band spectrum can be predicted with a configurational-interaction cluster-model calculation 34, 35 , by considering the crystal field effect in a distorted octahedral environment (D 4h symmetry). Figure 7 -b shows the calculation results for several parameters, chosen to mimic a band-gap increase from 1.2 eV to 2.4
eV, as outlined in Table II of Ref. 34 . The blue arrows point out the major changes of spec- Figure 7 . a) experimental valence band spectra (lighter color is associated to thinner films); spectra have been aligned to Cu 3s contribution of polycrystalline spectra for a better comparison. b) calculated VB spectra from the cluster-model (described in Ref. 34 ), for various band-gap. Bars refer to the case of E g = 2.4 eV.
tral weight with the increasing band-gap, which follows the same trend of the experimental spectra. In fact, as the energy gap increases from 1.2 to 2.4 eV, the calculations show an increase of the B and C structures, along with a slight reduction of the A' shoulder. This feature was related to the Zhang-Rice singlet (see, e.g., Refs. 
C. Band alignment and spectroscopic ellipsometry
In order to obtain the conduction band minima positions, the value of the band-gap must be added to the VBM calculated from XPS data; yet, the reported values for CuO gap can vary in the 1.35 -1.7 eV range 27 , both from experimental and theoretical data. We then resorted to spectroscopic ellipsometry to directly probe the t-CuO gap.
In general, the ellipsometric analysis allows 38 : i) to determine the dielectric function We then performed a best-fit of the simulated spectra to the experimental ones. We Moreover, the actual thickness values are within 5% to the nominal ones, as shown in Tab.III.
The dielectric function and absorption coefficient spectra ( Fig. 8-a Finally, the XPS-derived band alignment at the CuO/SrTiO 3 interfaces are shown. The STO VBMs are obtained (for low CuO thickness) by fitting the valence band spectrum of the heterojunction with the linear combination of the spectra characteristic of pristine parent compounds 9 , which allows for an accurate alignment of their relative energy position ( Figure   9 -(a)). In particular, the shallow core levels at BE ≈20 eV have been used to accurately pinpoint the relative position of CuO and STO contribution in the junction (black line in Fig.9-a) . The CuO VBM can be directly evaluated from the data, shown in the actual binding energy scale in Fig.9-b ; a shift towards high BE is clearly detectable for thinner CuO films. As already pointed out, some limitations to this method come from the different VB shape for CuO, due to the different electronic structure of t-CuO and m-CuO. Combined to the intrinsic difficulties to accurately determine the VBM, the leading edge position displays an uncertainty of ± 0.15 eV, consistently with the evaluation shown by Chambers et al. 42 for this method. The experimentally measured band schematics for heterostructures and separated precursors are shown in Fig.9 -c.
By using the measured values, the band alignment for the Thick and Thin films are thus characterized by a staggered, type II interface ( Fig.9-(b) ); in such configuration, a charge confinement within the SrTiO 3 substrate could be possible, although t-CuO is a nonpolar solid on (001) direction. By considering the 1.35 eV gap of m-CuO, in the Ultrathin case a Type I junction would be expected (red dashed line in Fig.9-c) . However, with the measured 0.2 eV band-gap increase, the junction changes into the type II configuration as well. By considering the gap temperature dependence 26 , the conduction band displacement is expected to significatively increase at lower temperatures.
With respect to the polycrystalline sample, the CuO VBM is shifted away from the Fermi level, up to 1.2 eV for the Ultrathin case. This shift, which corresponds to n-type doping, is rather unusual for CuO, which is usually considered analogous to p-type semiconductor. A strong shift of the STO bands towards the Fermi level with respect to the clean STO (001) surface is also observed, similar to the one reported for other perovskite-based heterostructures 43 . This shift is usually related to a strong n-type doping in STO, which in turn can be related to the presence of charge in STO whenever the band bending produces structures which cross the Fermi level. However, by considering the Ultrathin case, the nearly zero conduction bands offset at the CuO/SrTiO 3 junction is not compatible with an electron charge transfer in a preferential direction, at odds with other SrTiO 3 -based heterostructures where a large CBO usually leads to a strong charge confinement within the 
